terested in finding the substrates of Cdh1-activated brates. Alternatively, the sequences of orthologous proteins in nonvertebrates may not be conserved enough APC (APC Cdh1 ), which is activated after the initiation of anaphase and remains active into G1 phase. We reato be easily identified based on homology. A precedent for this is found in another APC substrate, the cell cycle soned that this class of substrates might include novel downstream effectors of the cell division cycle. We regulator Pds1/Cut2, which, although not conserved at the protein level, appears to be well conserved in terms have screened for APC Cdh1 substrates by in vitro expression cloning (King et the protein sequence of p35 and found a "KEN box," to identify substrates of Cdh1-activated APC. Briefly, which in other proteins has been shown to be sufficient small pools of in vitro-transcribed and -translated, 35 Sto trigger APC Cdh1 -dependent ubiquitination, as well as labeled proteins were incubated in interphase egg exseveral potential "destruction boxes" (D boxes). As tracts either with or without supplementation with reseen in Figure 1B , mutation of the sequence K-E-N to combinant Cdh1. Proteins that were unstable in the A-A-A in Xp35 completely stabilized the protein in presence of Cdh1 were identified after sodium dodecylCdh1-supplemented extracts over the time course of sulfate polyacrylamide gel electrophoresis (SDS-PAGE), the experiment, whereas mutation of two other potenand plasmids encoding these proteins were isolated tial D boxes ( Figure 1C ) had no effect on the stability of from the relevant pools and sequenced. We identified the protein (data not shown). Supplementation of the one cDNA, reported previously, which encoded a proextracts with an N-terminal fragment of cyclin B, which tein involved in regulation of the G2/M transition (Ayad acts as a competitive substrate for the APC ubiquitinaet al., 2003). A second cDNA encoded a protein of an tion machinery, also stabilized the protein (data not apparent molecular weight of 35 kDa, hereafter referred shown). The data in Figure 1 confirm that we have idento as p35. As shown in Figure 1A (top), and consistent tified a substrate of the APC and demonstrate that it is with the design of the screen, Xenopus p35 (Xp35) is a substrate only when the complex is activated by stable in interphase egg extracts and degraded in exCdh1, not by Cdc20. tracts supplemented with Cdh1. When nondegradable cyclin is added, the extract is driven into a metaphase/ anaphase-like state in which APC Cdc20 is active. Under
p35 Is Similarly Regulated in Somatic Cells
We generated antibodies against the human and these conditions, the mobility of p35 is reduced due to mitotic phosphorylation (data not shown), though the mouse orthologs of p35. The human and mouse p35 genes were cloned, expressed as a glutathione S-transprotein level remains unchanged. These data are similar to those obtained with Cdc20, a previously characferase (GST) fusions in E. coli, and these fusions were injected into mice. Figure 2A . We next wanted to determine whether p35 protein from other species is shown in Figure 1C . In addition to the proteins shown in Figure 1 , we have found exlevels fluctuate with the cell cycle in somatic cells. HeLa cells were synchronized by double thymidine arpressed sequence tags (ESTs) encoding homologous proteins from a number of other vertebrate species, inrest, released, and collected at various times after release. In addition, the microtubule poison nocodazole cluding pig, cow, and zebrafish. We are unable to find evidence of a conserved protein in nonvertebrates. It is was added to the culture 5 hr after the release from double thymidine arrest to activate the spindle checkpossible that the function of p35 is particular to verte- S-labeled wildtype (wt) (top) or KEN box mutants (bottom) of p35 were incubated in interphase extracts supplemented with Cdh1, and samples were collected at the times indicated (in minutes) and analyzed by SDS-PAGE. (C) Alignment of predicted p35 proteins from various organisms. Shown is the Clustal W alignment of p35 orthologs, identified by homology with Xenopus p35, from several organisms. Invariant residues are indicated by an asterisk (*), whereas conserved residues are indicated by a colon (:), and semiconserved residues are indicated by a period (.). Domains that are particularly well conserved are highlighted in yellow. KEN boxes are shown in red, and a putative NLS sequence is overlined. Two potential D boxes that were mutated and shown to have no effect on the stability of xp35 are underlined. The amino acid numbers of each protein are shown at the right hand side of the alignment. Genbank accession numbers for the proteins are: Xenopus, AAX73201; human, NP_542399; and mouse, NP_080686. The Fugu fish protein sequence was obtained through the BLAST genomes server at NCBI and is identified as FuguGenscan_24141. For simplicity, only one of two very similar Xenopus genes is shown. point and prevent exit from mitosis. As shown in Figure  asynchronously growing mouse NIH-3T3 cells were stained with an anti-p35 monoclonal antibody. Cells in 2B, p35 levels are consistent after release from double thymidine arrest. Occasionally, we do see an increase interphase show varying amounts of punctate nuclear staining (some with little or no detectable staining), in p35 levels as cells progress through S phase; we believe this variability reflects imperfect reproducibility in whereas mitotic cells show diffuse staining throughout the cell. In contrast to the staining seen in interphase synchronization protocols. As cells enter mitosis, the mobility of the protein is reduced due to mitotic phoscells, there was no apparent concentration of p35 staining on chromatin in mitotic cells. The staining in mitotic phorylation, and the protein levels remain relatively stable. In contrast, when cells arrested in mitosis (by secells was diffuse and cytoplasmic, noticeably more intense than the cytoplasmic signal in interphase cells quential treatment with thymidine and nocodazole) are released into interphase, the levels of p35 drop dramat-(compare the cytoplasmic signal of the anaphase cell in Figure 3B with that of the adjacent interphase cell). ically. As shown in Figure 2C , p35 levels decrease at concomitant with the loss of cyclin B and coincident Based on DAPI counterstaining, p35 staining was no longer limited to the nucleus once DNA condensation with the mobility shift in the APC subunit Cdc27, which is known to have retarded mobility in mitosis. The rehad begun. A similar protein distribution was observed when a plasmid encoding a Myc-tagged version of p35 sults in Figures 2B and 2C ation of synchronized cells as they entered mitosis into G2/M transition. It is possible that a small fraction of p35 remains associated with mitotic chromosomes, but soluble and chromatin-associated proteins. HeLa S3 cells were synchronized by double thymidine arrest and our results suggest that the majority is released into a soluble fraction on mitotic entry, coincident with the release, and nocodazole was added to prevent subsequent mitotic exit. Samples were collected at various mobility shift in the protein. Consistent with this, we are unable to detect p35 on mitotic chromosomes by times after release, and the cells were lysed and separated into crude nuclear and cytosolic fractions, which immunofluorescence. were then immunoblotted for p35. The fractions were also probed for topoisomerase IIα, which is constitup35 Interacts with Cohesion Proteins In interphase cells, p35 is very tightly associated with tively associated with the chromatin and thus serves as a marker of cellular fractionation, as well as N-WASP, a the nuclei, and we were unable to isolate it associated with other components. When released from interphase ubiquitous protein involved in regulation of actin assembly (as a loading control). The blots were also probed for nuclei by nuclease digestion, p35 was not associated with other proteins, and in extracts prepared from miSmc3, a nuclear protein released from chromatin in prophase. As seen in Figure 3C , p35 was associated with totic cells, the soluble p35 was monomeric based on gel-filtration analysis and thus provided no insight into the nuclear pellet over the course of S phase after release from thymidine arrest. As the cells began to enter the function of the protein (data not shown). In an attempt to identify interacting proteins that might provide informamitosis, p35 was phosphorylated, and this lower mobility species was no longer associated with the nuclear tion about p35 function, we used recombinant p35 as an affinity reagent. As p35 is predominantly nuclear, we pellet. This result is consistent with the observation made in the immunofluorescence experiments in which reasoned that nuclear extracts would provide a good starting material in searching for p35-interacting prothe p35 signal became diffuse in the cytoplasm at the Table 1 . The upper clarity, we call the faster migrating protein hPds5A to distinguish it from Pds5B/AS3. band contained a protein related to Pds5 of Saccharomyces cerevisiae, BIMD of Aspergillus nidulans, and To confirm the nonquantitative results of the mass spectrometry, the eluates were immunoblotted with anSpo76 of Sordaria macrspora. This human protein was formerly named "androgen-induced prostate proliferatibodies against Smc3, Pds5a, and Pds5b/AS3. As seen in Figure 4B , all three proteins were enriched in eluates tive shutoff antigen 3," or AS3, based on its expression from the p35 column when compared to eluates from in sister chromatid cohesion. To test this possibility directly, we investigated the effect of p35 levels on chrothe GST column. In addition, we blotted for Scc1/Rad21, a non-SMC subunit of cohesin, and found that it was mosome cohesion in an in vitro chromatid cohesion assay in Xenopus egg extracts, similar to one described also bound to the p35 beads, although we had not identified it as a band on the silver-stained gel. In conpreviously (Funabiki and Murray, 2000; Losada et al., 1998). Briefly, sperm nuclei were added to CSF-arrested trast, the fractions were not enriched for the presence of PCNA, an abundant nuclear protein, suggesting that Xenopus egg extracts, and the extracts were released into interphase by the addition of Ca 2+ . Extracts were the p35 column is not simply "sticky." Together these results suggest that p35 is able to interact with the programmed by the addition of in vitro-transcribed RNA to express various derivatives of Xp35, illustrated cohesin complex and its associated proteins.
To confirm the p35-cohesin interaction in vivo, cells in Figure 5B . These include the wild-type (wt) protein, as well as two different nondegradable derivatives: one were transfected either with a plasmid encoding a tagged version of p35 or an untagged version of the containing a mutated KEN box, the other lacking the entire N terminus up to and including the KEN box. In gene. Antibodies directed against the tag were used to immunoprecipitate p35, and the precipitated proteins addition, a gene fragment encoding only the N terminus and none of the conserved domains at the C terminus were analyzed by immunoblot for the presence of both Smc3 and Rad21, subunits of the cohesin complex. As was also tested. After allowing time for replication of the chromosomes, the extracts were driven into mitosis can be seen in Figure 4C , the cohesin subunits associated specifically with the anti-HA beads only when the by the addition of fresh cytostatic factor (CSF) extract. Replicated, condensed mitotic chromosomes were cells were transfected with HA-tagged p35, consistent with the results obtained by affinity chromatography. fixed in solution and pelleted onto coverslips. The chromosomes were counterstained and observed by epifluorescence microscopy. As seen in Figure 5A , in mockp35 Positively Regulates Sister Chromatid Cohesion The results of the affinity chromatography experiment treated samples, the replicated chromosomes have a characteristic appearance in which sister chromatids described above suggested that p35 might play a role are loosely aligned, both chromatids are easily identifiin Figure 5B . The level of expression of p35 obtained by adding RNA to the extracts is much higher than that able, and the kinetochore or "primary constriction" is often apparent. In contrast, the chromosomes in samfound endogenously. As can be seen in the immunoblot in Figure 5B , we are in fact unable to detect endogeples to which RNA encoding wt Xp35 or either of two different nondegradable derivatives (⌬KEN and ⌬90) nous protein by immunoblot. Thus, the phenotypes obtained by the addition of RNAs most likely reflect p35 had been added showed a strikingly different appearance. In these samples, the sister chromatids were very overexpression in this system. ) and tested for the ability to decrease p35 "CUT" phenotype, but we speculate that it is due to levels in vivo. As seen in Figure 7A , one construct, sh6/ an inability to segregate chromosomes away from each hp35, was able to reduce significantly the levels of p35 other at anaphase. The absence of both DNA damage protein when cotransfected into HeLa cells with a plasand spindle assembly checkpoints in Xenopus emmid encoding either wt or 6 × Myc-tagged versions of bryos before the midblastula transition allows cell p35. In contrast, the same vector expressing shRNA cleavage despite a failure in anaphase and accumulacomplementary to the Xenopus p35 gene had no obvition of errors until this developmental stage. We have ous effect on expression of the transgene. Because seen no difference between the phenotypes obtained sh6/hp35 is able to dramatically reduce p35 expression with the KEN box mutant and the wt protein. This is from the strong CMV promoter, we reasoned that sh6/ consistent with the observation that there is little or no hp35 should effectively reduce the endogenous levels Cdh1-dependent APC activity in the early embryo, and of protein, which are considerably lower (see Figure 7A ; thus both proteins are stable at this developmental lanes 1 and 9). stage. Taken together, the results in Figure 5 indicate To identify transfected cells and simultaneously to asthat overexpression of p35 in Xenopus causes an apsess any chromosomal defects, HeLa cells were cotransparent increase in sister chromatid cohesion and that fected with sh6/hp35 and a plasmid expressing a green this defect eventually leads to failures in chromosome fluorescent protein-histone H2B gene fusion (GFPsegregation. H2B). As seen in Figures 7E and 7F , cells transfected To confirm that the overcohesion phenotype obtained with sh6/hp35 arrested in a prometaphase-like state. with p35 overexpression is not due to failures in replicaThese cells had a relatively normal spindle and, altion, sperm nuclei were added to extracts supplethough the chromosomes appeared to condense normented with biotin-labeled dATP, and the same assay mally, they failed to congress at the spindle midzone. was performed. Mitotic chromosomes were then stained Instead, the chromosomes are dispersed throughout with fluorescently labeled avidin to detect incorporation the spindle, with many appearing at or near the spindle of the labeled nucleotide. In addition, the kinetochores poles. As indicated in Figures 7B and 7C , these cells were stained with antibodies to the core kinetochore only very rarely form an obvious metaphase plate. In component CenpA. As can be seen in Figure 6 , we saw a distinct punctate staining along arrest is dynamic. Within a single mitotic cell filmed for the length of the sister chromatids. In addition to these more than 3 hr, multiple individual chromosomes were speckles, we also saw a diffuse uniform staining of the seen to move away from and back toward the spindle chromosomes in both control and p35-treated samples, which might represent background staining. As can be midzone (see Supplemental Data for time-lapse movie). Figure 8A ). In shown). We reasoned that if the arrest seen in cells depleted for p35 was due to loss of sister chromatid cohecontrast, as shown in Figure 8B , cells expressing the shRNA displayed gross failures in sister chromatid cosion, then depletion of cohesin proteins should yield the same phenotype. Indeed, when hRad21 was dehesion. In many cells, every chromatid is completely separated from its sister. Occasionally, a few weak aspleted by using siRNAs, the results were indistinguishsociations were seen between chromatids that were able from those obtained with p35 depletion (data not possibly sisters. The separated sister chromatids in shown). The similarity between the results obtained by cells with reduced levels of p35 display a very short depleting p35 and by depleting hRad21 suggests that and hypercondensed conformation, and most appear both genes are essential for sister chromatid cohesion. crooked or kinked. This is likely due both to sustained mitotic arrest as well as a lack of constraint on condensation normally imposed by association of sister chrop35 Is Essential for Sister Chromatid Cohesion To assess directly the sister chromatid cohesion phematids. As expected, the number of single chromatids in cells depleted for p35 is approximately twice the notype of cells depleted for p35, HeLa cells were transfected with sh6/hp35, and chromosome spreads were number of sister chromatid pairs seen in control cells.
To confirm that the failures in sister chromatid coheprepared 40 hr after transfection. All of the spreads sion were due to reduction in p35 protein levels, we tween the shRNA and the transgene, and as shown in the immunoblot at the bottom of Figure 8C , render the generated a hairpin-insensitive version of the p35 gene (p35hi) and tested the ability of this construct to rescue transgene insensitive to inactivation by the shRNA based on expression levels. We next tested whether the knockdown phenotype. Several silent mutations were introduced into the region of the p35 gene a plasmid containing the p35hi gene could rescue the cohesion defect caused by expression of the shRNA targeted by the shRNA, as illustrated in Figure 8C , and a plasmid containing this construct was cotransfected ( Figure 8D We have shown that recombinant sororin is able to bind from the latin word soror, meaning sister, because of its cohesin in cellular extracts and that sororin can be critical role in sister chromatid cohesion. We have been used to precipitate cohesin from the cells in which sounable to identify a sororin ortholog in nonvertebrates rorin is expressed. Though our results suggest that the based on sequence analysis. We suspect that the bioaffinity between sororin and the cohesin complex is chemical function of sororin is fulfilled in other eukarylow, it is possible that the interaction is much stronger otes by a gene that does not share obvious homology.
in the native environment (on the chromosomes) and, We identified sororin in a proteomic screen for APC in a manner, analogous to certain kinetochore proteins, substrates; because most screens to identify genes innot easily demonstrated under soluble conditions. We volved in the regulation of sister chromatid cohesion believe that endogenous sororin is bound more tightly have been done in nonvertebrates, this protein was unto the chromatin than it is to cohesin, making purificalikely to be identified by genetic methods. Among the proteins that were bound to our sororinaffinity resin were two paralogs of Pds5/BIMD/Spo76. APC Cdc20 paves the way for activation of APC Cdh1 , which
Only one of these proteins has been characterized presomes. There are several possible models to explain these activities. In the first model, sororin would be reviously in the context of chromosome architecture and was shown to be loosely associated with the core quired for cohesin to associate with chromosomes. We believe this model is unlikely, as cohesin binds to chrocohesin complex (Sumara et al., 2000) . We assume from our results that in fact both Pds5 paralogs interact mosomes in telophase when sororin levels are low. A second possibility is that sororin acts to regulate the with the cohesin complex. Vertebrate cohesin is known to exist in two forms distinct in their Scc3-like subunits nature of the interaction of cohesin with the chromosomes, thus ensuring cohesion in mitosis. If this were (Losada et al., 2000; Sumara et al., 2000) , which might also correlate with particular Pds5 proteins. It has retrue, then cohesin might associate with chromosomes in cells lacking sororin but would be unable to hold cently been demonstrated that a related SMC proteincontaining complex, condensin, exists in two forms, them together. This is consistent with our observation that the pattern of cohesin immunolocalization does which differ in their subunit content and play unique roles in chromosome condensation (Ono et al., 2003) .
not change noticeably in response to changes in sororin levels, nor, in fact, during normal progression from telophase through to G2 (S.R., unpublished data). A fiCohesion in Embryos and Embryonic Extracts nal possibility is that sororin acts specifically to ensure Mitotic chromosomes assembled in embryonic extracts mitotic cohesion by preventing prophase removal of with elevated levels of sororin stain more intensely for cohesin. Sororin might do this indirectly, by marking (in cohesin and show failures in sister chromatid resoluinterphase) the cohesin to remain chromosome-assocition. The apparent overcohesion defect seen in these ated until metaphase, or directly, with a small pool of chromosomes suggests that sororin regulates cohesion sororin (below our limits of detection) remaining chroeither by loading more cohesin in interphase or by premosome-associated until anaphase. We are currently venting the removal of cohesin in prophase or both.
working to distinguish which among these models is Consistent with this, failures in sister chromatid resolumost likely to be true. , 2000) , and similar incubation conpressure liquid chromatography (HPLC) system (Agilent Technolditions were used. For immunoblotting, samples were resolved by ogies) was used to deliver a gradient across a flow splitter to the SDS-PAGE and transferred to nitrocellulose or PVDF membrane filcolumn. Eluting peptides from the column were ionized by electroters. Blots were blocked in TBS containing 0.05% Tween-20 (Biospray ionization and analyzed by an LCQ-Deca XP ion-trap mass Rad) and 4% skim milk powder, and primary and secondary antispectrometer (ThermoFinnigan). Peptide ions were dynamically sebodies were diluted in the same solution. Horseradish peroxidase lected by the operating software for fragmentation. The peptide (HRP)-coupled secondary antibodies were used, and Supersignal fragmentation spectra were searched against the NCI human proWest Dura (Pierce) was used as a chemiluminescent HRP substrate tein database by using the SEQUEST computer algorithm. for all p35 blots. ECL (Amersham) was used in the detection of other antigens.
In Vitro Chromatid Cohesion Assay
The assay was performed essentially as described in Funabiki and Cell Culture and Synchronization Murray (2000) with the following exceptions. RNA was transcribed All cells were maintained in DMEM supplemented with 10% fetal from pCS2+-derived vectors using the mMESSAGE mMACHINE In bovine serum, penicillin, and streptomycin, unless otherwise speciVitro Transcription Kit (Ambion, Austin, TX). RNAs were eluted in fied. The HeLa GFP-H2B stable cell line was generously provided water and added at a 50 ng/ul final concentration to freshly preby Randall King. For nocodazole arrest and release, cells were pared CSF extract. After the addition of 500 sperm nuclei/l, the grown for 24 hr in media containing 2 mM thymidine, in unsuppleextracts were triggered to exit mitosis by the addition of CaCl 2 to mented media for 3 hr, and in media with 100 ng/ml nocodazole for a final concentration of 0.4 mM. The extracts were incubated at 12 hr. For G1/S synchronization, HeLa S3 cells were grown on 20°C for 90 min and then were driven back into mitosis by the dishes in media supplemented with 2 mM thymidine for 16 hr, addition of 0.5 volumes fresh CSF extract. After 90 min, the exwashed with warm phosphate-buffered saline (PBS), grown in metracts were diluted into four volumes of chromosome dilution buffer dia alone for 6 hr, and then in media supplemented with 2 mM (CDil: 10 mM HEPES [pH 7.6], 200 mM KCl, 0.5 mM MgCl 2 , 0.5 mM thymidine for an additional 16 hr. Cells were then washed with PBS EGTA, and 250 mM sucrose) and incubated for 15 min at 20°C. and transferred to prewarmed media in spinner flasks for the duraSamples were then diluted into 4 volumes of freshly prepared fix tion of the experiment. Nocodazole (100 ng/ml) was added to the (20% glycerol, 1× MMR, 0.5% Triton X-100, and 2.7% formaldeculture 5 hr after release. At the specified time points, cells were hyde), spun through a 40% glycerol cushion (in 1× MMR) onto covremoved, washed twice with PBS, washed once with PME (5 mM erslips, and counterstained with 4#,6-diaminidino-2-phenylindole PIPES [pH 7.2], 5 mM NaCl, 5 mM MgCl 2 , and 1 mM EGTA) and (DAPI). then swelled for 10 min at 20°C in PME containing 1% thiodiethylene glycol, 10 g/ml cytochalasin B, 1 M okadaic acid, and protease inhibitors. Samples were then homogenized 12 times with RNA Interference a dounce homogenizer, nuclei and chromosomes were pelleted at Synthetic RNA duplexes were ordered from Dharmacon (Dallas, TX) 1000 × g, and supernatants and pellets were mixed with sample and transfected into HeLa cells with Oligofectamine (Invitrogen, Vabuffer. lencia, CA) according to the manufacturer's instructions. For Scc1, the sequence targeted was 5#-AACGGACAUCAGGACAUCUCU-3#. For shRNA expression, synthetic DNA oligonucleotides duplexes Chromosome Spreads Cells were harvested with trypsin and EDTA and resuspended in were cloned into mU6pro as described (Yu et al., 2002) . The oligonucleotides used to generate the sh/hp35-6 vector were: 5#-TTTGGA 50% culture medium: 50% H 2 0 for 25 min at 20°C. The cells were pelleted by spinning for 5 min at 1000 × g, gently resuspended in AGGAGAGCTGGACGCCAGAGACACTCTGGCGTCCAGCTCTCCTT CCTTTTT-3# and 5#-CTAGAAAAAGGAAGGAGAGCTGGACGCCAG a small amount of residual hypotonic medium, and fixed by rapid suspension in ice-cold fix (MeOH:acetic acid; 3:1). After pelleting AGTGTCTCTGGCGTCCAGCTCTCCTTC-3#. Plasmids were routinely
